Many receptors in hematopoietic cells use a common signaling pathway that relies on a highly conserved immunoreceptor tyrosine-based activation motif (ITAM), which signals through Src family tyrosine kinases. ITAM-bearing proteins are also found in many oncogenic viruses, including the mouse mammary tumor virus (MMTV) envelope (Env). We previously showed that MMTV Env expression transformed normal mammary epithelial cells and that Src kinases were important mediators in this transformation. To study how ITAM signaling affects mammary cell transformation, we utilized mammary cell lines expressing two different ITAM-containing proteins, one encoding a MMTV provirus and the other a B cell receptor fusion protein. ITAMexpressing cells were resistant to both serum starvation-and chemotherapeutic drug-induced apoptosis, whereas cells transduced with these molecules bearing ITAM mutations were indistinguishable from untransduced cells in their sensitivity to these treatments. We also found that Src kinase was activated in the MMTV-expressing cells and that MMTV-induced apoptosis resistance was completely restored by the Src inhibitor PP2. In vivo, MMTV infection delayed involution-induced apoptosis in the mouse mammary gland. Our results show that MMTV suppresses apoptosis through ITAM-mediated Src tyrosine kinase signaling. These studies could lead to the development of effective treatment of nonhematopoietic cell cancers in which ITAM-mediated signaling plays a role.
I
mmunoreceptor tyrosine-based activation motifs (ITAMs) are highly conserved sequences found in receptors involved in the activation, proliferation, survival, and differentiation of hematopoietic cells such as B and T lymphocytes, mast cells, platelets, and natural killer cells (17, 23, 37) . The tyrosine residues found in the canonical motif DxxYxx(L/I)x6-12Yxx(L/I) are necessary and sufficient for signaling. After phosphorylation by intracellular Src family protein tyrosine kinases, the ITAM-associated tyrosines function as docking sites for SH2-containing signaling proteins such as Syk, which link receptor-initiated signals to downstream cellular responses. Mutation of the two Y residues to F in ITAMcontaining proteins preserves protein structure but destroys their ability to signal (37) .
A number of oncogenic viruses, some with tropism for nonhematopoietic cells, encode ITAM-containing plasma membraneassociated proteins that play a role in their ability to transform cells. These include Epstein-Barr virus (EBV) LMP2A (18, 35) , Kaposi's sarcoma virus K1 (29, 30, 39) , bovine leukemia virus gp30 (5, 8, 52) , and mouse mammary tumor virus (MMTV) envelope (Env) (27, 41) . Although of unknown significance, the spacing between the aspartate and tyrosine residue in the viral motifs usually differs from that found in cellular ITAMs [DYxx (L/I)x6-12Yxx(L/I)]. Most if not all of these viral proteins are believed to signal in a ligand-independent manner through Src pathways.
Src is the most widely studied member of the largest family of nonreceptor protein tyrosine kinases that includes Lyn, Fyn, Lck, Hck, Fgr, Blk, Yrk, and Yes (16) . These kinases act on multiple pathways that regulate proliferation, motility and survival. At the molecular level, a variety of mechanisms are involved, including phosphorylation of numerous substrates on tyrosyl residues, as well as activation of the Ras/mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)/Akt, and STAT3-dependent signaling pathways (34) . Src family kinases also play an important role in cell survival pathways (44, 46) .
We previously showed that expression of the ITAM-containing MMTV Env protein or an ITAM derived from the antigen receptor (BCR) was sufficient to cause morphological changes in normal mouse and human mammary epithelial cells in vitro (20, 27) and in vivo (41) . Furthermore, we found Src kinases were important mediators of ITAM-induced transformation of mammary epithelial cells (20, 27) . To understand how ITAM signaling affects survival of mammary epithelial cells, we utilized here mouse mammary epithelial cells transduced with a molecular MMTV provirus clone, as well as a cloned B-cell receptor ITAM; ITAM-mutated versions of both served as controls. These cells were analyzed for effects on differentiation, cell proliferation, and resistance to apoptosis. In addition, the effect of MMTV infection on mammary regression was also examined. We demonstrate that MMTV activates Src kinase through its ITAM and consequently suppresses apoptosis in mammary epithelial cells.
MATERIALS AND METHODS
Cell lines and reagents. NMuMG normal mouse mammary epithelial cell lines were purchased from the American Type Culture Collection (Rockville, MD). The NMuMG-HP and -HP YY cells were previously described (41) . The construction of MAHB and its ITAM mutant variant and cloning into the MIGR1 retroviral vector has been previously described (4) . Cells were grown in Dulbecco modified Eagle medium with 5% fetal bovine serum, 10 g of insulin/ml, and penicillin (100 U/ml)-streptomycin (100 g/ml). All cell lines were cultured at a constant temperature of 37°C in a 5% CO 2 humidified atmosphere. Three-dimensional morphogenesis. Cells were plated as single-cell suspensions on growth factor-reduced Matrigel (BD Biosciences, San Jose, CA) using the overlay method (3). Cells were maintained in culture for 2 weeks, and the medium was changed every 3 days. At 10 days after plating, the Matrigel-containing acini were embedded in OCT medium (Triangle Medical Sciences, Durham, NC), and 10-m-thick frozen sections were obtained. Samples were stained with hematoxylin and eosin (H&E) to identify the presence of lumen in the acinar structures.
Mice. BALB/c mice were purchased from the Animal Program of the National Cancer Institute. BALB/c mice infected with the MMTV-HP and -HP YY viruses were previously described (41) . All mice were housed according to the policies of the Institutional Animal Care and Use Committee of the University of Pennsylvania. Female mice were bred at 2 months of age. At 2 days postparturition, the litter size was adjusted to five to six pups. Mammary apoptosis was forced by weaning at peak lactation (day 15). Inguinal mammary glands were collected at early and late involution stages (day 2 and day 5 after weaning, respectively).
Tissue preparation. For histology and morphometry, mammary tissue was dissected from the number 4 inguinal mammary gland, embedded in OCT compound by freezing in liquid nitrogen-cooled isopentane, and stored at Ϫ80°C. Frozen sections were cut at 10 m on a Leica cryostat (GTI Microsystems) and fixed in ice-cold acetone for 10 min. Samples were stained with H&E to identify the presence of lumen in the acinar structures and photographed using an inverted microscope equipped with a Kodak digital camera. For each experiment, comparisons were always made between similar regions of the same mammary gland. Photographs of fourth inguinal mammary glands were taken at ϫ200 magnification. The average lumen area was quantified for 10 to 15 lumens, five fields/gland/mouse (n ϭ 3 mice/time point) using ImageJ (National Institutes of Health). For each sample, the results from five fields were averaged. The average apoptotic cells were counted from randomly selected 10 to 15 lumens each field. For each sample, the results from five fields were averaged.
Flow cytometry. Cells (5 ϫ 10 5 ) were plated on 10-cm dishes. At 24 h after the initial seeding, the cells were incubated in serum-free medium for 24 h. Apoptosis was detected by using an Annexin V flow kit (BD Biosciences) according to the manufacturer's instructions. Annexin V-labeled cells were analyzed in a flow cytometer (FACSCalibur; BD Biosciences). The data was analyzed by FlowJo (Tree Star, Inc., Ashland, OR).
RNA analysis. Total RNA was isolated from cells and tissue by using an RNeasy minikit (Qiagen, Inc., Valencia, CA) according to the manufacturer's instructions. Before the reverse transcription reactions, all RNA samples were treated with 1 U of DNase I (amplification grade; Invitrogen) for 10 min at room temperature in order to eliminate genomic DNA contamination. RNA was used to generate cDNA using Superscript II reverse transcriptase (Invitrogen) according to the manufacturer's instructions. Reactions without the RT enzyme were used as negative controls. Quantitative real-time reverse transcription-PCR (RT-qPCR) was used for detecting MMTV, ␤-casein, MMP2, and SGP2 transcripts. All values were normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Relative quantification using the comparative threshold cycle method (⌬⌬C T ) was applied for gene expression level analyses. The results were analyzed with the ABI 7900 HT sequence detection system (v2.3) software using a relative quantification approach (⌬⌬C T ) according to the manufacturer's instructions. The primers used in the present study were as follows: ␤-casein forward, 5=-AGAGGATGTGCTCCAGG CTA-3=; ␤-casein reverse, 5=-AATGACAGGCCCAAGAGATG-3=; SGP-2 forward, 5=-CGAAGATGCTCAACACCTCA-3=; SGP-2 reverse, 5=-TGT GATGGGGTCAGAGTCAA-3=; MMP2 forward, 5=-ACACTGGGACCT GTCACTCC-3=; MMP2 reverse, 5=-GCGAAGAACACAGCCTTCTC-3=; GAPDH forward, 5=-CCCCTTCATTGACCTCAACTACA-3=; and GAPDH reverse, 5=-CGCTCCTGGAGGATGGTGAT-3=.
Western blots. Cells and tissues were dissolved in radioimmunoprecipitation assay buffer with sonication. Western blots were probed with anti-MMTV, anti-gp52 antisera (41) , and anti-␤-casein (Abcam, Cambridge, MA). All Src antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA). The species-appropriate horseradish peroxidase-conjugated secondary antibody was used, followed by detection with ECL reagents (Amersham Biosciences, Inc.). Anti-␤-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was used as a loading control.
Cell cytotoxicity assays. Cells (10 4 ) were seeded on 96-well plates and treated with the indicated doses of cisplatin, etoposide, paclitaxel, and vinorelbine (Sigma Chemical Co., St. Louis, MO) for 3 days. For the vinorelbine cytotoxicity study, 1 M PP2 (Sigma) was added. At the end of the treatment period, the relative cell number was determined by using Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., Rockville, MD) according to the manufacturer's instructions. The 50% inhibitory concentrations (IC 50 s) were calculated using GraphPad Prism (v5.00; GraphPad Software, San Diego, CA).
Statistical analyses. GraphPad Prism for Windows was used in all statistical analyses. The cell cytotoxicity data was analyzed using two-way analysis of variance with Dunnett's post test. All other data were analyzed by using the Student t test.
RESULTS

Effect of ITAM expression on mammary epithelial cells.
To study how ITAM signaling affects mammary cell transformation and apoptosis, we utilized two polyclonal populations of NMuMG mammary cells that were transduced with two different MMTV proviral molecular clones, one encoding a wild-type Env (Hybrid Provirus [HP] ) and the other an Env with a mutated ITAM (HP YY ); both proviral clones have been previously described and are fully infectious in vivo and in vitro (41) . MMTV protein expression in the transduced cell populations was confirmed by immunoblotting with anti-MMTV antisera (Fig. 1A) . The population of HP-transduced cells had, on average, ϳ2-foldhigher levels of MMTV RNA (data not shown) and protein ( Fig. 1A) than the HP YY -transduced cells. Because both lines produce infectious virus that is capable of reinfection, we were unable to develop stable clonal populations. In monolayer cultures, normal NMuMG mammary epithelial cells exhibit an aggregated growth pattern with cobblestone morphology (Fig. 1B) . When plated at the same density, the MMTV-HP-transduced cells grew in a more spread-out pattern, and the cells themselves were more spindle-shaped, suggesting some loss of cell-to-cell adhesion. This change in morphology often represents hallmarks of epithelialmesenchymal transition. This phenotype was reversed in the HP YY cells. There was no difference in the growth rate of the different cultures (data not shown).
To confirm that these results were due to ITAM-mediated signaling and not to the different levels of MMTV expression, we also used NMuMG cells transduced with a retroviral vector expressing a recombinant protein consisting of the ITAM-containing cytoplasmic region, called MAHB (20) . MAHB contains cytoplasmic domains of the cellular proteins Ig␣ and Ig␤, which are normally expressed as a heterodimer associated with the B cell receptor. This protein is targeted to the inner leaflet of the plasma membrane, and a hemagglutinin (HA) tag separates the cytoplasmic domains of Ig␣ and Ig␤. A signaling-deficient variant (MAHB YY ) in which only the ITAM tyrosines have been mutated (Y182F and Y193F in Ig␣ and Y195F and Y206F in Ig␤) permitted us to assign effects on cellular transformation to a signaling-competent ITAM. MAHB expression was confirmed by Western blotting, using anti-HA tag antibodies (Fig. 1A) . The MAHB-transduced cells, but not cells expressing an ITAM-mutated version of the vector, also displayed a spindle-shaped morphology similar to that seen in cells expressing MMTV-HP (Fig. 1B) .
In hematopoietic cells, ITAM signaling requires the activity of Src and Syk family kinases. Phosphorylation of ITAM tyrosines generates docking sites for SH2 domain-dependent recruitment and activation of Syk. Syk activation propagates this ITAM-initiated signaling cascade by phosphorylating downstream adaptor proteins and enzymes (38) . Expression of the ITAM-containing cytoplasmic region of the MMTV Env or BCR is associated with Syk phosphorylation in NMuMG cells (20, 27) . Src activity is regulated by tyrosine phosphorylation at two sites, but with opposing effects. Phosphorylation of Src at Y416 in the activation loop of the kinase domain upregulates enzyme activity, whereas phosphorylation of Y527 in the carboxy-terminal tail renders the enzyme less active (22) . We tested whether the Src kinase pathway was activated by MMTV expression. The active form of Src kinase (phospho-Y416) was increased in NMuMG-HP cells but not in control or HP YY -expressing cells (Fig. 1C) . However, there were no changes in the inhibitory form of Src kinase (phospho-Y527), as well as total Src kinase. Activation of Src kinase was also seen in MAHB-transduced but not in MAHB YY -transduced cells (Fig. 1C) .
Mammary epithelial cells recapitulate several aspects of mammary organogenesis when grown on an exogenous basement membrane such as laminin-rich Matrigel, including the formation of polarized, acinar-like spheroids with hollow lumens similar to terminal end buds and the basal deposition of basement components (13) . Such cultures can also be used to distinguish epithelial cells from normal and tumorigenic tissue and to dissect the mechanisms by which known oncogenes perturb normal mammary gland growth and development. We previously showed that expression of the MMTV Env or the MAHB ITAM in normal mammary epithelial cells caused their morphological transformation when grown in three-dimensional but not two-dimensional cultures (20, 27) . We next tested the transduced NMuMG cells in Matrigel cultures to determine whether MMTV infection caused morphological transformation of normal mammary epithelial cells. When grown in three-dimensional cultures, control NMuMG cells developed into spherical acinus-like structures with hollow lumens at day 6 (Fig. 1D) . In contrast, the MMTV-HP-infected cells showed aggressive proliferation at day 2 and subsequently developed into larger asymmetric aggregates by day 6, often with cells filling the luminal space, a characteristic of the early neoplastic transformation of breast epithelium (Fig. 1D) . Morphological transformation was not detected in the cells infected mutant form of MMTV-HP YY (Fig. 1D ). Because these structures arise from the proliferation of single cells, this suggests that the lower MMTV expression in the HP YY -transduced cultures was not responsible for the morphological or biochemical differences but instead that these were due to the abrogation of signaling.
To determine whether the Src kinase pathway governs MMTV-induced transformation, we cultured cells with Src kinase inhibitor, PP2. Similar to what we previously reported for Envexpressing NMuMG cells, in Matrigel cultures, the aggressive morphological transformation of MMTV-HP-infected cells was completely reversed (not shown). The increased acinar diameters of the structures formed by MMTV-HP cells were also restored to those of the control cells by treatment with PP2 (Fig. 1E) . Although PP2 may affect other kinases, these data, together with the known ITAM-mediated activation of the Src pathway and the increase in pSrc-Tyr416 phosphorylation seen in HPand MAHB-transduced cells, suggest that Src signaling is critical for the morphological changes in ITAM-expressing mammary cells.
MMTV expression suppresses apoptosis. Because Src family kinases are known to play an important role in cell survival pathways (44), we next tested whether activated Src kinase influenced apoptosis in MMTV-transfected cells. Apoptosis was induced by serum starvation. When subconfluent NMuMG or HP YY -transfected cells were grown in serum-deprived media, large numbers of cells growing as monolayers rounded up and detached from the substratum (Fig. 2A) . Flow cytometry data showed that 13.57% of the control cells were positive for the apoptosis marker, Annexin V (Fig. 2B) . However, most of the HP-transduced NMuMG cells were still stably attached to the plate, and the apoptotic cell number was similar to the level of cells grown in normal medium. Similarly, MAHB-but not MAHB YY -transduced cells were resistant to serum starvationinduced apoptosis (Fig. 2A) . Apoptosis was also measured by examining the levels of cleaved poly(ADP-ribose) polymerase (PARP). Cleaved PARP was not detectable under normal growth conditions and increased with serum starvation (Fig. 2C) . Its level was significantly lower in serum-starved MMTV-HP and MAHB cells compared to control cells. The apoptosis-resistant phenotype caused by MMTV expression was completely restored in the cells expressing the ITAM mutant MMTV-HP YY and MAHB YY constructs (Fig. 2C ). To determine whether MMTV ITAM-mediated signaling via the Src kinase pathway caused the apoptosis resistance, we also cultured cells in serum-free medium in the presence of the Src kinase inhibitor, PP2. PP2 treatment of MMTV-HP-and MAHBexpressing cells restored their sensitivity to serum starvation and induced apoptosis ( Fig. 2A) . Treatment with PP2 also induced the appearance of cleaved PARP in a dose-dependent manner in response to serum starvation in the MMTV-HP cells (Fig. 2D) . PP2 did not affect apoptosis in the control cells (Fig. 2D) .
MMTV-HP transduced cells are resistant to chemotherapeutic drugs. We next tested whether MMTV expression conferred resistance to apoptosis-inducing chemotherapeutic drugs. Four different clinically used anticancer drugs were tested: cisplatin, etoposide, paclitaxel, and vinorelbine. The survival of untransduced cells treated with cisplatin, etoposide, paclitaxel, and vinorelbine was very low. However, a significant number of NMuMG-HP cells survived these lethal concentrations of drugs (Fig. 3A) . Indeed, vinorelbine was Ͼ5-fold less cytotoxic to NMuMG-HP cells (mean IC 50 , 0.281 M) than control cells (mean IC 50 , 0.046 M) (Fig. 3B) .
Because we showed that the Src pathway was involved in ITAM-mediated apoptosis resistance, the effect of Src inhibition in combination with vinorelbine was examined. Although treatment with PP2 did not affect control NMuMG cells, it partially restored the cytotoxic effects of vinorelbine on NMuMG-HP cells (IC 50 of 0.075 M in the presence of PP2 versus an IC 50 of 0.281 M in the absence PP2) (Fig. 3B) . This demonstrates that MMTV ITAM-mediated signaling through the Src pathway confers resistance to different inducers of apoptosis.
MMTV induces apoptosis-resistance in the involuting mouse mammary gland. We previously showed that virgin transgenic mice overexpressing either a full-length MMTV provirus or the MMTV Env alone in their mammary epithelial cells showed increased lobuloalveolar budding and that this altered morphology was not due to increased cell proliferation (41) . ITAM-mediated signaling is known to induce antiapoptotic signals. We thus tested whether MMTV expression suppressed apoptosis in the mouse mammary gland, which could explain the altered morphology. We tested whether MMTV infection altered mammary gland morphology during mouse mammary gland involution, a time when widespread apoptosis is occurring. When pups are removed, the lactating mammary gland undergoes involution characterized by intensive apoptosis within 2 days, followed by a period of tissue remodeling concomitant with increased expression of proteases (33) . Most of the epithelial cells are replaced by adipocytes (1) .
BALB/c mice chronically infected with MMTV-HP and HP YY were previously described; although there is no difference in the level of infection, HP YY -infected mice develop mammary tumors with longer latency and lower incidence (41) . Age-matched female mice were bred and mammary involution was forced by weaning at peak lactation (lactation day 15). At the time of weaning, the total mammary gland weight of all animals was the same (Fig. 4J) . The lactating mammary glands mainly consisted of differentiated alveoli secreting milk with a branched ductal system surrounded by basement membrane and connective tissues; an extensive vascular and lymphatic network was also found (Fig. 4A, D, And G) . This well-organized lobuloalveolar structures characteristic of lactating animals remained intact until 2 days after weaning (Fig. 4B , E, And H). At that time, the alveolus size was slightly increased in the control mammary tissue compared to peak lactation, possibly due to accumulation of milk in the lumen (Fig. 4K) . However, compared to the control or HP YY -infected mice, the mammary glands of the MMTV-HP-infected mice exhibited distended alveoli at involution day 2 (Fig. 4K) . In addition, a number of apoptotic bodies were found in the lumens of wild-type and HP YYinfected mammary glands at involution day 2 ( Fig. 4B and H,  box) . However, MMTV-HP glands showed little evidence of epithelial apoptosis and shedding (Fig. 4E, box) . When quantified, these apoptotic bodies were significantly reduced in the HP-in- fected mice compared to the wild-type or mutant virus-infected mice (Fig. 4L) . By involution day 5, the total mammary gland weight and lumen size were greatly reduced in all of the mice ( Fig.  4J and K) .
Delayed involution in MMTV-infected mammary glands is accompanied by altered gene expression. We next sought to determine whether the expression of specific genes that are induced during mammary gland involution was altered by MMTV infection. Lactating mammary gland differentiation, as measured by the ␤-casein milk protein gene mRNA levels, decreases from the very high levels during lactation to about one-fourth these levels by day 3 after weaning, a level similar to that at the end of pregnancy; this then decreases to even lower levels over the next 2 days (33). Indeed, we found that ␤-casein RNA levels declined dramatically with the progression of involution (Fig. 5A) . There was no difference in ␤-casein gene expression among the groups at involution day 2 or 5, indicating that MMTV infection did not affect mammary gland functional differentiation. At later involution stages, there was a large variation in the ␤-casein RNA levels that was not dependent on infection status (not shown).
The initial phase of apoptosis in the mammary gland is characterized by the induction of apoptosis-associated genes such as sulfated glycoprotein-2 (SGP-2) (33). SGP-2 expression was increased 2-fold in MMTV-HP mammary gland compared to controls or HP YY -infected animals at involution day 2, indicating that apoptosis was delayed with MMTV infection (Fig. 5A) . SGP-2 expression was greatly decreased in all animals in the later stages of involution.
Interactions between the mesenchyme and epithelium are important for normal development, as well as involution of the mammary gland (42) . The matrix metalloproteinases (MMPs) stromelysin-1, stromelysin-3, and gelatinase A (MMP2) increase The mammary gland weight of the number 4 inguinal mammary gland was measured at the indicated times. The gland weight was significantly increased in the HP-infected mouse at involution day 2. The mammary tissue weight gradually decreased throughout involution. (K) The average lumen size in the number 4 inguinal mammary gland was measured. The average lumen area was significantly increased in HP-infected mice at involution day 2. At involution day 5, the lumen area was greatly reduced, and the alveoli were collapsed and repopulated by adipocytes. (L) Apoptotic cell numbers in each lumen were counted. HP-infected mice showed significantly fewer apoptotic cells (**, P Յ 0.01).
during involution (7, 14, 31, 32, 45) and are responsible along with the serine proteinase urokinase-type plasminogen activator (uPA) for the degradation of the ECM and basement membranes. MMP2 RNA levels were increased 3-to 4-fold at involution day 5 (the tissue remodeling phase) compared to early involution (Fig. 5A) . Interestingly, MMTV-HP mammary gland showed significantly lower expression of MMP2 compared to the control group or HP YY -infected mice at involution day 2. These data suggest that matrix degradation is delayed in MMTV-infected mammary glands.
Next, we sought to determine whether Src kinase was involved in the apoptosis resistance observed in the MMTV-HP-infected mammary gland. There was no difference in total Src kinase among the different animals at the same involution stage, and the total Src kinase was significantly decreased with the progression of involution (Fig. 5B) . Although activated p-Src was not detected in most of the mammary tissue samples, it has shown to be elevated in two HP-infected mammary glands, one at day 2 and the other at day 5 of involution. Interestingly, these two samples also expressed the highest level of MMTV Env protein (Fig. 5B) .
DISCUSSION
Many receptors that function in hematopoietic cells contain highly conserved ITAMs which affect cell proliferation, differentiation, and survival through triggering Src kinase signaling pathways. We previously described that expression of both receptorand virus-encoded ITAMs in nonhematopoietic systems induces transformation of normal mammary epithelial cells and that Src kinases were important mediators in this transformation (20, 27) . We further investigated here how ITAM signaling affects mammary cell transformation and survival. NMuMG cells transduced with two different ITAM-containing genes (MMTV provirus and MAHB) consistently showed increased viability in serum-free conditions and ITAM-induced apoptosis resistance was completely restored by a Src inhibitor, indicating that Src kinase is a key mediator of this effect. A number of studies have demonstrated that Src inhibits apoptosis by suppressing proapoptotic genes (40) or positively regulating antiapoptotic genes (6, 19, 26, 51) . Src is a potent activator of the PI3K/Akt pathway, which protects against proapoptotic stimuli via the phosphorylation and inactivation of death accelerators, such as Bad, Bax, and caspase-9 (9, 53, 54) . Src-dependent activation of p38-MAPK similarly leads to the phosphorylation of caspases-8 and -3 (2). In addition, Src activation triggers caspase-8 phosphorylation on Tyr380 and impairs Fas-induced apoptosis (12) .
In addition to determining the role of ITAM-mediated signaling in resistance to serum-starvation-induced apoptosis, we tested whether MMTV expression conferred resistance to apoptosis-inducing chemotherapeutic drugs. Four different anticancer drugs, all of which are in use clinically, were tested: cisplatin, etoposide, paclitaxel, and vinorelbine. These agents act via different mechanisms. Cisplatin binds DNA causing DNA adducts, thereby preventing DNA replication and elongation, inducing cell cycle arrest, and apoptosis (11, 15) . Etoposide forms a ternary complex with DNA and topoisomerase II and causes DNA strand breakage by preventing religation of the DNA strands (21) . Paclitaxel and vinorelbine bind tubulin, enhancing tubulin polymerization and inhibiting microtubule disassembly, thus preventing completion of mitosis and producing a G 2 -M block (43) . NMuMG-HP cells were resistant to all tested drugs regardless of their targets. This suggests that Src may act as a master regulator of apoptosis resistance conferred by ITAMs. Our results also suggest that addition of Src inhibitors could increase the therapeutic efficacy of chemotherapeutic drugs that induce apoptosis. Indeed, it has recently been reported that saracatinib, an orally available specific inhibitor of Src family kinases, when used together with the aromatase inhibitor anastrozole, reduced drug resistance and showed greater antitumor efficacy than either of the drugs alone in a xenograft model (10) .
In vivo, MMTV infection delayed involution-induced apoptosis in the mammary gland. MMTV-infected mammary glands exhibited distended alveoli with significantly reduced epithelial apoptosis and shedding in the lumen compared to the mammary tissues from uninfected and MMTV-HP YY -infected mice. In addition, expression of the apoptosis-associated gene SGP-2/clusterin was increased in MMTV-infected mammary glands compared to uninfected or HP YY -infected animals at involution day 2. SGP-2/clusterin is a multifunctional glycoprotein complex found on the surfaces of cells lining body cavities and in virtually all body fluids, including milk (25, 47) . SGP-2/clusterin has diverse functions, including lipid transport, complement inhibition, and regulation of apoptosis (47) . During mouse mammary gland development, SGP-2/clusterin is upregulated twice, at the end of pregnancy and at the beginning of the involution, when dramatic phenotypic and functional changes occur in the mammary gland (24) . Although SGP-2/clusterin is associated with apoptosis during involution, there is accumulating evidence suggesting that it is an antiapoptotic protein associated with both cancer drug therapy resistance and cellular protection against exogenous stresses (36, 48, 49) . Intracellular SGP-2/clusterin inhibits apoptosis by interfering with Bax activation in mitochondria. Intriguingly, in contrast to other inhibitors of Bax, clusterin specifically interacts with conformation-altered Bax in response to chemotherapeutic drugs. This interaction impedes Bax oligomerization, which leads to the release of cytochrome c from mitochondria and caspase activation (55) .
At involution day 2, MMTV-HP-infected mammary glands showed significantly less expression of MMP2 compared to control or HP YY -infected mice, suggesting that matrix degradation is delayed in MMTV-infected mammary glands. Expression of the matrix metalloproteinases, which are low during lactation, is strongly upregulated at later stages of mammary apoptosis, coinciding with start of the collapse of the lobuloalveolar structures and the intensive tissue remodeling that occurs in involution (33) . Indeed, there was no difference in MMP2 expression among the mice at later stages of involution. Although MMP2 mRNA level was 4-fold lower at the early compared to the later stage of involution, MMP2 was expressed in the early involution stage, showing matrix degradation and tissue remodeling is possibly initiated from the early stage of involution before the visible collapse of lobuloalveolar structures. Interestingly, MMP2 expression was clearly reduced in the MMTV-HP-infected mammary gland compared to that of wild-type and MMTV-HP YY -infected mice at the early involution stage. The major sites of mRNA synthesis for these proteinases are fibroblast-like cells in the periductal stroma and stromal cells surrounding the collapsed alveoli, suggesting that the degradative phase of involution is due to a specialized mesenchymal-epithelial interaction (33) . Altered MMP2 expression in the MMTV-infected mammary gland suggests that ITAMmediated signaling in the epithelial cell may ultimately affect communication between infected epithelial cells and the periductal stromal cells during mammary involution in a paracrine manner.
We found that Src activity was increased in the mammary tissues of mice expressing high levels of MMTV. We also found that the total Src protein level was higher in the early stages compared to later stages of involution. Src is an essential signaling modulator in mammary gland development. Src-deficient mice show defects in ductal development as well as in uterine and ovarian development (28) . Src-deficient mammary epithelial cells also revealed defects in the ability of mammary epithelial cells to activate a number of signaling pathways in response to exogenous estrogen stimulation, demonstrating that c-Src plays a role in estrogen receptor ␣ signaling in vivo (28) . Src Ϫ/Ϫ mice also exhibit a block in secretory activation that results in lactation failure and precocious involution (50) . Further studies are needed on the role of Src kinase, especially virally activated Src pathway, during mammary gland involution.
Our results show that MMTV suppresses apoptosis through ITAM-mediated Src tyrosine kinase signaling. MMTV may have evolved this function to prolong the period when mammary epithelial cells are susceptible to virus infection; if mammary epithelial cells proliferate for longer periods, then virus infection levels and hence transmission to the next generation would be more likely.
Our previous study showed that mice infected with HP YY had decreased and delayed mammary tumorigenesis (41) , and the results presented here suggest that apoptosis suppression may thus play a role in the ability of MMTV to transform mammary epithelial cells. The studies in signaling pathways and apoptosis resistance induced by ITAM-containing proteins in nonhematopoietic cells could lead to the development of effective treatment of cancers in which ITAM-mediated signaling plays a role.
